INTRODUCTION
cfu/ml. A z value of 7.6 o C and a D 71.7 o C value of 2.9sec were observed for L. monocytogenes in milk. The current heat treatment techniques used in the dairy industry need to be reviewed and necessary modifications introduced to ensure a complete elimination of this pathogen. Moreover, the z and D 71.7 o C values observed in the present study may be used in devising sound heat treatment techniques as well as suitable Hazard Analysis Critical Control Points (HACCP) systems in the dairy industry.
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Time, Thermal Death Rate invades tissues including the placenta in pregnant women, and enters the blood stream, from which it reaches other susceptible body tissues. Listeriosis, the illness caused by this bacterium, affects mostly pregnant women, elderly, newborns, and the immuno-suppressed adults due to AIDS, alcoholism, diabetes, cancer, cardiovascular disease, kidney disease, renal transplant, and corticosteroid therapy (Rocourt et al. 2000) . When susceptible adults contract the disease, meningitis and septicemia are the most commonly recognized symptoms. The non-pregnant healthy individuals who are not immuno-suppressed are fairly resistant to infection by L. monocytogenes. Infected pregnant women may experience only mild flu-like illness, and the illness can be transmitted from mother to the fetus through the placenta resulting in abortion, premature birth, stillbirth, or serious health problems for the newborn child. The mortality rate of the disease is approximately 25% (USDA 1999) . Milk and milk products have received much attention because they have been reported to harbor L. monocytogenes to a much higher extent compared to other foods. L. monocytogenes has been isolated from cow milk, goat milk, cheese, and pasteurized milk in Sri Lanka (Jyamanne and Samarajeewa 2001) . There have been reports of Listeria outbreaks associated with dairy products (Farber and Peterkin 1991) . Cow milk has been implicated in food-borne fatal listeriosis. The ability of L. monocytogenes strains to proliferate in raw milk even under refrigerated condition is well documented. Hitherto only two suspected human cases of listeriosis have been reported in Sri Lanka. The first is two children suffering from meningitis (Jayasundara et al. 1962; Withana and Mirando 1967) , and two cases (children) with headache, fever and a rash (Wijesundera et al. 1992) . L. monocytogenes has been isolated from goslings, chickens, buffaloes, and goats in Sri Lanka (Bandaranayaka and Nair 1962; Bandaranayaka and Fernando 1962) . Though milk and milk products were reported to transmit food-borne listeriosis, only two studies have been reported in Sri Lanka to ascertain the safety of the dairy products. In a survey on Listeria in foods, it was demonstrated that the percentage of L. monocytogenes positive samples was highest among vegetables (49%), second in chicken (34%), and lowest in dairy products (26%) (Gunasena et al. 1995) . They further observed that 5 pasteurized milk (31%), 3 raw milk (25%) and 4 ice cream (33%) samples contained L. monocytogenes. In a similar study, of the samples tested (265), 39 samples (15%) contained virulent L. monocytogenes. Cow milk (29%), goat milk (27%), pasteurized milk (17%), and cheese (33%) samples contained virulent strains of L. monocytogenes (Jayamanne & Samarajeewa 2001) . Listeria is said to be more heat resistant to heat processing than other foods, especially when buffered by proteinaceous foods. Although there have been reports on the presence and thermal properties of Listeria in milk and milk products in other countries, no such studies have been reported from Sri Lanka. Therefore, the present study investigated the thermal resistance of isolates of L. monocytogenes in milk and milk products in Sri Lanka.
MATERIALS AND METHODS
Separate experiments were carried out to determine the optimum pasteurization-time combination required to inactivate Listeria in milk, to determine the thermal resistance of Listeria from pasteurized milk and to determine the z and D 71.7 o C values of Listeria in bovine milk during heat processing.
Determination of the optimum pasteurization temperature-time combination required to inactivate Listeria
A commercial brand of sterilized milk (fat ~3.5%, protein ~4%) available in the market was selected as the milk based food system for the experiment. Sterilized milk was first tested for Listeria using the FDA Listeria Enrichment Broth (LEB; Oxoid Ltd., Basingstoke, UK) and Modified Oxford Agar medium (MOX; Oxoid Ltd.) in order to ensure that milk was not contaminated with Listeria. In the enumeration process of the organism, Listeria in milk was first enriched in FDA Listeria Enrichment Broth. Samples (25 ml) were blended with LEB (225ml) at 12,000rpm for 2min in a Waring blender. o C. After 24h of incubation in Tryptose Broth, the Listeria cells at the late stationary phase were harvested by centrifugation at 6000 × g for 20min. Listeria was introduced to sterilized milk to have an approximate initial Listeria population of 10 2 cfu/ml and the other with 10 7 cfu/ml. Two experiments were carried out separately, one with an approximate initial Listeria population of 10 2 cfu/ml and the other with 10 7 cfu/ml. Sterilized milk with Listeria was subjected to different temperature regimes (from 50 to 80 o C at 5 o C increments) for different time periods (5, 10, 15, 20, 25 and 30sec, and 1, 2.5, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 70, 80, 90, 100, 110, 120, 130, 140 , and 150min) on a constant temperature water bath (Kayagaki-DC3). Predetermined comeup times were allowed prior to the actual experiments. Samples (1ml) in duplicate were aseptically taken in the beginning, and after heat treatments, and enriched in LEB for 48h at 35 o C. Enriched cultures were streaked on to MOX Agar plates and incubated at 35 0 C for 48h, and examined for typical L. monocytogenes colonies with black/brown halos. The minimum time periods, required for the total inactivation of L. monocytogenes with regard to different temperature regimes, were recorded.
Determination of the thermal resistance of L. monocytogenes isolates from pasteurized Milk
L. monocytogenes FSTLC55 (University of Peradeniya Culture Collection) previously from pasteurized milk was aseptically introduced to sterilized milk (at populations of 10 2 cfu/ml) and was subjected to different temperature regimes and time periods as described earlier.After giving heat treatments, samples were enriched in LEB and inoculated on MOX Agar plates and examined for any sign of the survival of Listeria.
Determination of z and D values for L. monocytogenes in bovine milk
The Thermal Death Time (TDT) curve was constructed using previous data, i.e., inactivation time for Listeria with regard to different temperature values used. The slope of the TDT curve (z) was determined using the statistical package Minitab (release 8.21). The decimal reduction time (D) values for L. monocytogenes in cow milk with regard to HTST pasteurization treatment (71.7 o C for 15 sec) was determined in a separate experiment. The commercial brand of sterilized milk used in the previous studies was used in this experiment as well. L. monocytogenes FSTLC2 from the stored culture collection was enriched first in LEB for 48 h at 35 o C, transferred to Tryptose Broth, and incubated for further 24h at 35 o C. Listeria cells at the late stationary phase were harvested at 6,000 × g for 20min and introduced to sterilized milk (250ml) in an Erlenmeyer flask to make a final Listeria population of ~ 10 5 cfu/ml. The Erlenmeyer flask was incubated at 71.7 o C on a constant temperature water bath. Samples (1ml) in duplicate were aseptically taken from Erlenmeyer flask at 3 sec intervals. These samples were enriched in LEB for 48 h at 35 o C. A dilution series (from 1:10 to 1:100000) with buffered water was prepared, and two MOX Agar plates from each dilution were inoculated using the surface plate count technique. MOX Agar plates were incubated at 35 o C for 48h and a surface count was taken using a digital colony counter (Kayagaki-DC3). Logarithmic of the survival number of organisms (Y axis) was plotted against time (X axis). The time required to reduce the number of organisms by one log cycle is the decimal reduction time (D) in relation to the temperature regime used, 71.7 o C used in this experiment.
RESULTS AND DISCUSSION
It was observed in the present study that the normal pasteurization protocols such as HTSTb and LTLT treatments are adequate to inactivate a low Listeria population of 10 2 cfu/ml but not a high population of 10 7 cfu/ml.
Evaluation of the most effective pasteurization temperature-time combination
The observed temperature-time combinations required to ensure complete inactivation of the L. monocytogenes FSTLC2 from raw cow milk under laboratory conditions is given in Table 1 . It was observed that the normal pasteurization treatments of 62.8 o C for 30 min (LTLT), and 71.7 o C for 15 sec (HTST) appear to be adequate to destroy a Listeria population of 10 2 cfu/ml in milk, but not at population of 10 7 cfu/ml as shown in Table 1 , Fig.  1a and Fig. 1b . It was reported by many early scientists that LTLT (Mackey and Bratchell, 1989) and HTST (Bunning et al. 1992) treatments are adequate to destroy Listeria in milk. Numerous conflicting reports concerning the unusual heat resistance of L. monocytogenes in milk can be found in the early literature. L. monocytogenes survived 15sec in milk at 100 o C (Ozgen, 1952) . L. monocytogenes was not completely inactivated until the milk was held at 65 o C for 5 min, 75 o C for 2 min, or 80 0 C for 3-5 min (Stenberg and Hammainen, 1955 50  140min  160min  55  90min  120min  60  30min  40min  65  15min  20min  70  15sec  25sec  75  10sec  15sec  80  5sec  10sec findings remains controversial. The temperature-time combinations required for inactivation of L. monocytogenes suspended in milk at population levels of 10 2 and 10 7 cfu/ml as observed in the model experiment (Table 1) are compared with LTLT and HTST pasteurization treatments (Figure 1a and 1b) . The figures indicate that the risk area (representing temperature-time combinations of treatments) increases with the initial population of Listeria in milk. Thus, for a high Listeria population level of 10 7 cfu/ml, the LTLT and HTST pasteurization treatments fall inside the risk area. It is safe to conclude that for a low Listeria population of less than 10 2 cfu/ml, LTLT and HTST treatments may always be inside the safe area. When the Listeria population increases, the chances of LTLT and HTST treatments falling in the boundary or risk area also increases, thus, making pasteurization ineffective. It is therefore evident that, if milk is contaminated with a heavy population of Listeria (>10 7 cfu/ml), neither LTLT nor HTST treatments could be considered as reliable heat processing techniques. It was observed in a comparable study that the complete inactivation of L. monocytogenes in milk with an initial population of 10 6 -10 7 Listeria cfu/ml cannot be accomplished within 30 min at 62, 72, 82, or even 92 o C (Donnelly et al. 1986 ). The thermal inactivation of Listeria in milk is associated with the initial load of the organism, the fat content, heat adaptation of the organism, and state of the organism in milk (free suspension or internalized). In Sri Lanka, milk products such as curd, yogurt, and cottage cheese are produced at home level and in micro-enterprises. The heat processing techniques they use in eliminating microorganisms may not always be carefully controlled standard methods. They boil milk without taking into consideration the time factor. Even though such a boiling is adequate to eliminate a low Listeria population of less than 10 2 cfu/ml, it may not be adequate to eliminate a higher initial Listeria population of 10 7 cfu/ ml. Even though the possibility of the presence of a Listeria population of 10 7 cfu/ml in raw milk was observed to be very low in this study, the observations cannot be extended to the variety of conditions operating during milking, collection, transport, storage and processing of milk leaving much room for rapid increase of Listeria populations to an infectious dose. The ubiquitous nature and the ability of L. monocytogenes to survive harsh environmental conditions also should not be ignored. The absence of proper chilling facilities, and long time-gap in between milking and processing add to the severity of the problem. With regard to pasteurized milk, there is always an associated risk, especially if proper thermal inactivation conditions are not practiced, because pasteurized milk is a ready-to-consume product, which would not be further processed.
Thermal resistance of L. monocytogenes FSTLC55 isolated from pasteurized milk
The present study showed that the thermal inactivation time for the L. monocytogenes FSTLC55, an isolate which had been obtained from a commercial brand of pasteurized milk in Sri Lanka, is higher than that for an isolate from raw cow milk (FSTLC2), at the same population of 10 2 cfu/ml ( Table 2 ). The thermal inactivation times for L. monocytogenes isolate from raw cow milk (FSTLC2), introduced at different initial populations of 10 2 and 10 7 cfu/ml, and thermal inactivation times for the isolate from pasteurized milk (FSTLC55), at population of 10 2 cfu/ml, are illustrated in Figure 2 . At the same population of 10 2 cfu/ml, L. monocytogenes isolate from pasteurized milk (FSTLC55) showed higher thermal resistance properties than the isolate from raw cow milk (FSTLC2) ( Figure  2 ). It is also evident that the isolate from raw cow milk (FSTLC2), when suspended at 10 7 cfu/ml, showed higher thermal resistance than when suspended at populations 10 2 cfu/ml (Figure 2 ). It is known that when the Listeria population increases in milk, the required thermal inactivation time also increases. The notable feature here is that the isolate from pasteurized milk needed higher heat treatment for inactivation than a population of 10 7 cfu/ ml from raw milk. The elevated thermal resistance of L. monocytogenes isolates, observed especially in L. monocytogenes isolate from pasteurized milk, could be associated with following reasons: It was reported that the fat in milk protects L. monocytogenes from heat. L. monocytogenes cells surrounded by milk fat are relatively much more heat stable (MacDonald and Sutherland 1993) . The protective effect of milk fat is important during the maximum death region of the survival curve. Milk foods should not be processed at temperatures below 60 o C because the shoulder regions become more pronounced and thermal processing may be under-estimated (Chhabra 1999) . This is due to the buffering action and the poor thermal conductivity exerted by fat in milk. In cases of naturally acquired listerial mastitis, the pathogen is normally not freely suspended in milk but rather exists as a facultative intracellular bacterium within phagocytic leukocytes (neutrophils and macrophages) present in milk (Tilney and Portnoy 1989) . The partly intracellular nature of L. monocytogenes makes it possible that cells of the pathogen inside leukocytes could be partially protected from thermal inactivation and thus are more able to survive pasteurization than freely suspended cells of the bacterium in milk. If L. monocytogenes is shed from infected cows, which have developed fever, the pathogen may have grown at elevated temperatures. It was reported that when Listeria was grown at 43 o C before heating and recovered by anaerobic incubation after the treatment, the D 62.8 o C value was 243 sec as compared with 36 sec when the pathogen was grown at 37 o C and plated aerobically after the heat inactivation (Knabel et al., 1990) suggesting that cows who have developed fever may harbor organisms which are more heat resistant. It is also believed that Listeria cells inside macrophages are exposed to anaerobic conditions. It is possible that a few heat-injured cells remaining after the minimum HTST milk pasteurization may grow under anaerobic conditions that may exist in phagocytes. It is reported that adaptation to the environmental stresses such as high/low temperature, acidic and oxidative conditions, and starvation occurs in all bacteria, including L. monocytogenes (Mims 1987 ). An increasing number of parameters such as temperature, salt, pH, heat shock, and oxidative stress, have been shown to affect virulence gene expression in L. monocytogenes (Brehm et al. 1996) . Resistance of L. monocytogenes to heat or other lethal factors can be increased by heat shock or adaptation to other stresses. It was reported that bacteria respond to heat shock by synthesizing new proteins, termed heat-shocked proteins (HSPs), and these proteins usually increase the thermo-tolerance of microorganisms (Craig et al. 1993) . Heat-shock and other environmental stresses are also reported to affect the virulence of L. monocytogenes. Environmental stresses are sensed by pathogens as sig- nals for expression of virulence factors to enhance survival (Archer, 1996) . Heat shock may also increase the virulence of L. monocytogenes enhancing more listeriolysin O production. It is evident that L. monocytogenes, at times, shows unexpectedly higher thermal resistance to normal pasteurization protocols practiced in the dairy processing industry. Therefore, it is essential that the thermal processing techniques be reviewed at regular intervals in order to ensure the effectiveness of them.
Determination of z value for L. monocytogenes using the Thermal Death Time (TDT) curve
A z value of 7.6 o C was observed for L. monocytogenes FSTLC2 isolated from raw cow milk. The z value is the temperature in centigrade required to make a tenfold change in the Thermal Death Time (TDT) curve. The regression line of the TDT curve for the L. monocytogenes FSTLC2 suspended in sterilized milk is illustrated in Figure 3 . Thermal processing is the most widely used method to preserve food and to check harmful microorganisms to ensure safety for human consumption. TDT and TDR curves give general insight into the thermal inactivation of an organism during heat processing.
The z values of 6.5 (Bradshaw et al. 1987 ), 7.3 (Bunning et al. 1986 ), 8.0 (Bunning et al. 1988 , and 6.3 (Bradshaw et al. 1985) were reported for L. monocytogenes in milk. The apparent difference of the z value of the present study from other reported studies could be attributed to the food system used in the experiments. Some scientists used skim milk (Bradshaw et al. 1987) , whereas other scientists used whole milk (Bunning et al. 1988) . The fat content is higher in whole milk thus giving protective effects to L. monocytogenes against heat processing. This is partly due to the poor thermal conductivity in high fat milk foods. The higher the fat content in milk foods, the higher will be the z value. Food system used in the present study was sterilized whole milk. Therefore, it is possible that the relatively high z value (7.6 o C) observed is due to the buffering action of fat in milk. The z value observed in the present study is of the same order as reported z values, but high.
Determination of the Decimal Reduction Time (D) for L. monocytogenes using the TDR curve
A decimal reduction time (D 71.7 o C) of 2.9 sec was observed for L. monocytogenes FSTLC2-which had been isolated from raw cow milk-suspended in sterilized whole milk at populations 10 5 cfu/ml (Fig.  4) . Thermal Death Rate (TDR) curve was constructed using the survival number of L. monocytogenes isolate suspended in sterilized milk with processing time (sec) at 71. (Bradshaw et al. 1987) , 3.1 and 5.0sec (Bunning et al. 1988) , and 1.9 sec (Bunning et al. 1986 ). The differences, in the observed D value in the present study and reported D values, are once again due to the different milk food systems used in the respective experiments. Some scientists used skim milk (Bradshaw et al. 1987) , whereas other scientists used whole milk (Bunning et al. 1988) in thermal resistance studies. Sterile whole milk was used in the present study as well. The fat content is higher in whole milk thus giving some protective effects to L. monocytogenes against heat processing. The higher the D and z values, the longer it takes to eliminate L. monocytogenes from milk foods. It is apparent that it takes longer times to eliminate Listeria added to sterile whole milk where fat content is high. The observed D 71.7 o C value of the present study is comparable with those of other thermal resistance studies, and lies in between reported extreme D 71.7 o C values of 0.9sec (Bradshaw et al. 1985) and 5.0sec (Bunning at al. 1988) . These observations suggest that L. monocytogenes isolates used in the present study show average thermal resistance properties. The z and D values observed could be effective tools for food processing in Hazard Analysis and Critical Control Point (HACCP) plans, risk assessment models, and product development formulations in Sri Lankan perspective. Given the consequences of human listeriosis outbreaks, it may be necessary to encourage milk processing plants in general and milk pasteurizing plants in particular in Sri Lanka to review their thermal processing techniques to ascertain whether they are on par with the observed z and D values. 
CONCLUSIONS
Normal pasteurization techniques such as LTLT and HTST protocols can effectively eliminate a low population level (10 2 CFU/ml) of Listeria, but not a high population (10 7 CFU/ml) level in milk. Therefore, the current heat treatment techniques used in the dairy industry need to be reviewed and necessary modifications introduced in order to ensure a complete elimination of this pathogen in milk and milk products in Sri Lanka. Moreover, the z (7.6 o C) and D 71.7 o C (2.9sec) values observed in the present study may be used in devising sound heat treatment techniques as well as suitable Hazard Analysis Critical Control Points (HACCP) systems in the dairy industry.
